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ABSTRACT
We present cross-correlation analyses of the HEAO 2È10 keV di†use X-ray map with both the com-
bined GB6/Parkes-MIT-NRAO (GB6-PMN) 5 GHz and the FIRST 1.4 GHz radio surveys. The cross-
correlation functions (CCFs) of both radio surveys with the unresolved X-ray background were detected
at the 5 p level. While the large angular resolution (3¡) of the X-ray map makes it difficult to separate
the contributions of clustering from those of Poisson Ñuctuations, the amplitude of the CCF provides
important constraints on the X-ray emissivity of the radio sources, as well as on the clustering properties
of radio and X-ray sources. These constraints are subject to a number of modeling parameters, e.g.,
X-ray luminosity evolution, clustering evolution, the radio luminosity function, cosmological model, etc.
For reasonable choices of parameters the X-ray/FIRST CCF is consistent with a correlation scale length
of 6 h~1 Mpc. This is somewhat smaller than the scale length inferred from the autocorrelation function
of the FIRST survey and implies that X-ray sources are less strongly clustered than strong radio sources,
a result that is consistent with previous constraints on X-ray clustering. The X-ray/GB6-PMN CCF is
several times larger and is likely to be dominated by Poisson Ñuctuations. This implies that D2% of the
di†use X-ray background arises from the GB6-PMN sources.
Subject headings : di†use radiation È galaxies : statistics È large-scale structure of universe È
radio continuum: galaxies È X-rays : galaxies È X-rays : general
1. INTRODUCTION
Thirty-Ðve years after the discovery of the cosmic X-ray
background (XRB), it is still the subject of a great deal of
study. On the one hand it o†ers the possibility of providing
an extremely useful tool for the study of large-scale struc-
ture in the universe Fabian, & Carrera(Barcons, 1997 ;
Crittenden, & Turok and yet on the otherBoughn, 1998)
the nature and origin of the XRB is still not well under-
stood. The deep images made by the ROSAT satellite have
resolved 60% of the 0.5È2 keV background into discrete
sources et al. and similar observations by(Hasinger 1993)
the ASCA satellite have resolved 30% of the 2È10 keV back-
ground et al. While it is clear that(Georgantopoulos 1997).
classical active galactic nuclei (AGNs), i.e., QSOs, make a
signiÐcant contribution to the XRB et al.(Georgantopoulos
et al. it is also clear for a variety of1997 ; Boyle 1994),
reasons that a substantial contribution must come from
some other population. The 2È10 keV number counts are a
factor of 2 to 3 larger than inferred from 0.5È2.0 keV counts
if one assumes a typical AGN X-ray spectrum
et al. Indeed, the spectrum of the(Georgantopoulos 1997).
XRB is signiÐcantly harder than that of AGNs et(Gendreau
al. Finally, the strong clustering of QSOs is inconsis-1995).
tent with the relatively smooth XRB et(Georgantopoulos
al. and references therein). These observations point1997,
to a large population of relatively faint (or highly absorbed)
sources with hard X-ray spectra. Such sources have already
begun to be identiÐed with faint galaxies and X-ray bright,
narrow emission line galaxies et al.(Almaini 1997 ; Almaini
& Fabian et al.1997 ; Georgantopoulos 1997 ; Refregier,
Helfand, & McMahon & Lahav1997 ; Treyer 1996 ; Roche
et al. On the other hand, et al. have1995). Comastri (1995)
successfully reproduced the Ñux and spectrum of the XRB
with a model AGN luminosity function that includes a large
1 Institute for Advanced Study, Olden Lane, Princeton, NJ 08540.
2 Department of Astronomy, Haverford College, Haverford, PA 19041 ;
sboughn=haverford.edu.
number of highly absorbed Seyfert 2 galaxies. In either case,
if such sources make a substantial contribution then one
might expect the X-ray background to be clustered more
like galaxies than QSOs. This is consistent with the results
of the cross-correlation analysis presented below.
In this paper we undertake cross-correlation analyses of
the ““ hard ÏÏ (2È10 keV) X-ray background with two Ñux-
limited radio source surveys, the FIRST survey at 1.4 GHz
and the combined GB6/Parkes-MIT-NRAO (GB6-PMN)
surveys at 4.85 GHz. While the Ñux limits of these surveys
di†er by a factor of D40, their expected redshift distribu-
tions are similar and, therefore, the cross-correlation func-
tions of the two surveys can be directly compared. The
description of the data sets (X-ray and radio) and the
editing of these sets is described in The cross-correlation° 2.
analysis and signiÐcance tests are described in The for-° 3.
malism to interpret the CCF in terms of a model follows
closely the analysis of & Lahav and is present-Treyer (1996)
ed in The constraints on parameters resulting from the° 4.
observed CCFs are discussed in ° 5.
2. DATA SETS
2.1. HEAO 1 A-2 2È10 keV X-Ray Map
The HEAO 1 A-2 experiment measured the surface
brightness of the X-ray background in the 0.1È60 keV band
The present data set was constructed from the(Boldt 1987).
output of two medium-energy detectors (MED) with di†er-
ent Ðelds of view (3¡] 3¡ and and two high-3¡] 1¡.5)
energy detectors (HED3) with the same Ðelds of view, i.e.,
3¡ ] 3¡ and These data were collected during the3¡ ] 1¡.5.
6 month period beginning on day 322 of 1977. Counts from
the four detectors were combined and binned in 24,576
pixels in an equatorial quadrilateralized spherical1¡.3 ] 1¡.3
cube projection on the sky & Stemwedel The(White 1992).
combined map has an energy band of approximately 2È10
keV & Mushotzky The e†ective point-(Jahoda 1989).
spread function (PSF) of the map was determined by
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averaging the PSFs of 75 HEAO 1 point sources (Piccinotti
et al. The composite PSF is well Ðtted by a Gaussian1982).
with a full width at half-maximum of Because of the2¡.96.
pixelization, the PSF varies somewhat with location on the
sky ; however, this has little e†ect on the correlation
analysis, and so a constant PSF is used in the analysis of ° 4
below.
The dominant feature in the HEAO map is the Galaxy, so
all data within 20¡ of the Galactic plane, in addition to all
data within a radius of 30¡ of the Galactic center, were cut
from the map. Diameter regions of 10¡ around 90 discrete
X-ray sources with 2È10 keV Ñuxes larger than 3] 10~11
ergs s~1 cm~2 et al. were also removed.(Piccinotti 1982)
Without this cut the CCFs were somewhat larger and con-
siderably more noisy due to bright, nearby Galactic and
extragalactic sources. The resulting ““ cleaned ÏÏ map covered
about 50% the sky. In order to identify additional point
sources, the map itself was searched for ““ sources ÏÏ that
exceeded the nearby background by a speciÐed amount and
7¡ diameter regions around these were removed. Cuts were
made at several levels from 4 to 10 times the photon noise.
For the most extreme cuts that corresponded to a point-
source Ñux of 3 ] 10~11 ergs s~1 cm~2 the sky coverage
was reduced to about 25% of full sky. These additional cuts
did not signiÐcantly a†ect the correlation analyses. The
results presented below are for the original cleaned map
(with 50% sky coverage) that we assume to contain no point
sources with Ñuxes greater than 3] 10~11 ergs s~1 cm~2.
This Ñux cut is accounted for in the analysis of ° 4.
Even after cleaning, the X-ray map has several com-
ponents of large-scale systemic structure that can be cor-
rected for. If the dipole moment of the cosmic microwave
background is a kinematic e†ect, as it has been widely inter-
preted to be et al. then the X-ray back-(Bennett 1996),
ground should possess a similar dipole structure (Compton-
Getting e†ect) with an amplitude of 4.3] 10~3. Evidence
for this structure is, indeed, found in the HEAO map (Shafer
Piran, & Treyer The cleaned map was1983 ; Lahav, 1997).
corrected for this e†ect. In addition, a linear time drift in
detector sensitivity results in a large-scale(Jahoda 1993)
structure of known form. Finally, the 2È10 keV background
shows evidence of high-latitude Galactic emission, as well
as emission associated with the supergalactic plane (Jahoda
Models for these contributions along with the time1993).
drift were Ðtted to the X-ray data and subsequently sub-
tracted from the map et al. These contribu-(Boughn 1998).
tions to the X-ray background are on large scales and have
little e†ect on the small angular scale correlation analysis
discussed below.
Because of the ecliptic longitude scan pattern of the
HEAO satellite, sky coverage and, therefore, photon shot
noise are not uniform. However, the mean variance of the
cleaned, corrected map, 2.0] 10~2(counts s~1)2, is con-
siderably larger than the mean variance of photon shot
noise, 0.67] 10~2(counts s~1)2, where 1 count
s~1\ 2.1] 10~11 ergs s~1 cm~2 Jahoda, & Whit-(Allen,
lock This implies that the X-ray map is dominated by1994).
““ real ÏÏ structure, i.e., X-ray sources, and not photon shot
noise. For this reason, in the correlation analyses that
follow, we chose to weight each pixel equally.
2.2. FIRST 1.4 GHz Survey
The FIRST 1.4 GHz survey is a continuing project to
survey 10,000 square degrees of the north Galactic cap
et al. The data used in the analysis below was(White 1997).
obtained from the publicly available catalog containing
236,177 sources from observations of 1993 through 1996.
The catalog covers about 2575 square degrees and includes
only sources whose peak Ñux exceeds 5 times the rms noise
plus 0.25 mJy. All sources Ñagged as possible sidelobes were
excluded. Following et al. all pairs of sourcesCress (1996),
within of each other are considered to be part of a0¡.02
single doubled lobed source. For groups of three or more
such sources, all sources within of the mean position of0¡.02
the group are considered to be part of a multicomponent
system and are counted as a single source. This reduces the
total number of sources to 186,214. Since noise is not
uniform across the coverage region, especially in those areas
near very bright sources, the Ñux limit is not uniform. To
correct for this we have Ñagged all areas of the map in which
the rms noise is greater than 0.17 mJy and excluded these
regions from the cross-correlation analysis. In the remain-
ing area of the map we removed all sources with peak Ñuxes
less than 1.1 mJy, which corresponds to a 5 p detection if
p \ 0.17 mJy. This reduces the number of sources to
163,157 but results in a map with a more uniform Ñux limit.
It should be noted that even without the latter correction,
the CCF of FIRST sources with the X-ray background is
not changed signiÐcantly. This is understandable since non-
uniform coverage in the FIRST catalog is not expected to
be correlated with systematic structure in the X-ray map.
The remaining FIRST sources are grouped in the same
pixels of the quadrilateralized cube projection1¡.3 ] 1¡.3
used for the X-ray map. Because of Ñagged regions, as well
as the projection itself, not all pixels represent the same
solid angle coverage of radio sources. Therefore, the radio
coverage of each pixel is used to weight its contribution to
the cross-correlation in a way so as not to bias the result.
See below. The number of pixels that contain FIRST° 3
data is 1696 ; although, somewhat fewer (1100) are common
to both the FIRST and X-ray maps.
2.3. Parkes-MIT -NRAO and GB6 4.85 GHz Surveys
The publicly available Parkes-MIT-NRAO (PMN)
southern sky survey was made with the 64 m radio tele-
scope at Parkes, NSW, Australia and contains about 50,000
sources et al. Griffith et al.(Wright 1994 ; 1994, 1995 ;
et al. The Ñux limit in this combined survey isWright 1996).
not uniform but varies from 20 mJy to 72 mJy. As a com-
promise between uniform coverage and total number of
sources we chose to use a 50 mJy Ñux-limited sample and
Ñagged all portions of the sky not covered to that level. This
required excluding the zenith zone of the survey. In addi-
tion, only those sources with decl.\ 0¡ were included since
the northern sources overlapped with the GB6 survey. Fol-
lowing Wall, & Lahav we excluded severalLoan, (1997)
small regions with extended sources. Finally all regions of
the sky within 20¡ of the Galactic plane and within 30¡ of
the Galactic center were removed from consideration. After
these cuts 15,233 sources remain in the catalog.
The Green Bank 6 cm (GB6) survey of the northern sky
(0¡ \ decl.\ 75¡) was made with the NRAO 91 m telescope
during 1986È1987 and contains 75,162 sources brighter
than D18 mJy et al. Rather than worry(Gregory 1996).
about comparing the Ñux calibrations of the GB6 and
PMN surveys, we chose a somewhat smaller Ñux limit for
the GB6 survey, 45 mJy, which resulted in the equality of
the surface density of sources (1.50 deg~2) in the two maps.
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In any case, the correlation analysis below was performed
on the two surveys separately, as well as on the combined
GB6-PMN survey.
The combined GB6-PMN Ñux-limited sources were also
grouped in the same pixels as the X-ray map.1¡.3 ] 1¡.3
There are D34,000 sources and 13,520 pixels in the com-
bined map that corresponds to 55% sky coverage ; although
only 10,115 pixels are common to both the GB6-PMN and
cleaned X-ray maps.
3. CROSS-CORRELATION FUNCTIONS
We deÐne the dimensionless cross-correlation function of
the X-ray intensity, I, with the radio source number, N, as
W (h)
I,N\ ;
i,j
(I
i
[ I1 )(N
j
[ N1
j
)/;
i,j
I1N1
j
, (1)
where the sum is over all pairs of pixels, i, j, separated by an
angle h, is the mean X-ray intensity, and is the meanI1 N1
jnumber of radio sources in the jth pixel. As discussed in
the FIRST radio coverage of each pixel is° 2.2, 1¡.3 ] 1¡.3
not the same. Therefore, we take where is theN1
j
\ n6 )
j
n6
mean surface density of radio sources and is the solid)
jangle of radio coverage of the jth pixel.
Figures and are the CCFs of the 2È10 keV HEAO1 2
map with the combined GB6 and PMN surveys and with
the FIRST survey. Although, the CCFs are shown out to
separation angles of 15¡, a signiÐcant signal is only detected
in the Ðrst few bins. The errors were computed using a
““ bootstrap ÏÏ analysis et al. et al.(Cress 1996 ; Fisher 1994 ;
Frenk, & Barrow One hundred random radioLing, 1986).
source catalogs, each of the same size as the original
catalog, were generated by choosing sources at random
from the original catalog. Note that this requires that some
sources be chosen more than once. These random catalogs
are then cross-correlated with the real X-ray map according
to The mean CCF of the random trials wasequation (1).
consistent with that of the real data and the rms Ñuctuation
about the mean CCF provides an estimate of the uncer-
tainty due to the additional Poisson noise in the distribu-
tion of radio sources.
For the FIRST/X-ray CCF, the error estimates were
checked in two ways. A series of 59 radio source maps were
FIG. 1.ÈCross-correlation function of di†use 2È10 keV X-rays with the
5 GHz GB6-PMN radio surveys. The errors are statistical only and are
highly correlated. The curve is a Ðt to the proÐle expected for Poisson
Ñuctuations convolved with the X-ray beam. See .° 4
FIG. 2.ÈCross-correlation function of di†use 2È10 keV X-rays with the
1.4 GHz FIRST radio survey. The errors are statistical only and are highly
correlated. The curve is a Ðt to the proÐle expected for c\ 2 spatial clus-
tering. See .° 4
generated by a reÑection through the celestial equator fol-
lowed by a rotation about the celestial pole in 6¡
increments. These radio maps were then cross-correlated
with the X-ray map that was Ðrst transformed into Galactic
coordinates. This latter transformation resulted in a pixel
coverage nearly the same as that of the original data for
small separation angles. The resulting transformed X-ray
and radio maps possessed little small-scale correlation. The
rms scatter of the CCFs of this set of maps agreed with the
bootstrap error estimates for h \ 3¡ and was about 50%
larger than the bootstrap estimates for h [ 3¡. An addi-
tional rough error estimate was obtained by dividing the
two data sets in half and comparing the CCFs of both
halves. For two di†erent partitions, north-south and east-
west, the di†erences in the two CCFs were consistent with
the quoted errors. Both these estimates imply that the
bootstrap error estimates are reasonable. We consider the
bootstrap error estimates preferable in that they reÑect the
actual distribution of data on the sky. To compare the con-
sistency of the GB6 and PMN portions of the 5 GHz map,
the CCF was computed separately for each and the results
are plotted in It is clear that they are consistentFigure 3.
with each other (and with to within the estimatedFig. 1)
errors.
Figures and demonstrate that there is a statistically1 2
signiÐcant cross-correlation of radio source counts and the
2È10 keV background at the 5 p level. It may appear from
the Ðgures that the signiÐcance is higher than this ; however,
because of the X-ray PSF, the error bars are highly corre-
lated. The correlation coefficients of adjacent errors are
typically between 0.4 and 0.7.
Also evident in Figures and is that for h ¹ 2¡ the1 2
GB6-PMN/X-ray CCF exceeds the FIRST/X-ray CCF by a
factor of D3. In addition, it appears that the latter CCF is
more extended than the former. It is possible that these two
properties are related. It will be shown in that the Ðnite° 4
PSF of the X-ray map results in a W (h) proÐle similar to
that of the GB6-PMN/X-ray CCF even if the only cross-
correlation arises from the Poisson noise in individual
sources. To the extent that the GB6-PMN/X-ray CCF is
dominated by Poisson noise it will be both larger in ampli-
tude and more narrow in angular scale than a CCF for
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FIG. 3.ÈCross-correlation function of di†use 2È10 keV X-rays with the
5 GHz GB6 radio survey ( Ðlled circles) and PMN survey (open squares).
The errors are statistical only and are highly correlated. The curve is the
same Ðt as in Fig. 1.
which Poisson noise is negligible. We suggest in that this° 4
is the case here.
4. INTERPRETATION OF THE CROSS-CORRELATION
FUNCTION
The observed W (h)Ïs in depend on the properties of° 3
radio sources and X-ray sources, the spatial clustering of
these populations, and the large-scale geometry of the uni-
verse. Among the quantities included in the following model
of W (h) are the luminosity function of the radio sources, the
luminosity (and density) evolution of radio sources, the
X-ray luminosity of radio sources, the spectrum and evolu-
tion of X-ray emissivity, the functional form and evolution
of the spatial cross-correlation function, and the cosmo-
logical parameters and Although these parametersH0 q0.provide considerable freedom in Ðtting the observed W (h),
the constraints placed on parameter space are reasonably
strong. The analysis of this section follows closely that of
& Lahav The reader is referred to that paperTreyer (1996).
for a detailed analysis.
Let be the unnormalized, angular cross-correlationg0function. If the sky is divided up into cells of small solid
angle u, then
g0\ SdN dIT \ S(N [ SNT)(I[ SIT)T
\ SNIT [ SNTSIT , (2)
where N and I are the number of radio sources in and
average X-ray intensity of each cell and the average is over
all cells. It is straightforward to show that & Lahav(Treyer
1996 ; Peebles 1980)
SNIT \
P e
r
4nr
L
2 dV ]
PP
n(r1)
e
b
(r2)
4nr
L2
2 [1 ] m(r12)]dV1 dV2
(3)
and
SNTSIT \
P
n(r1)dV1
P e
b
(r2)
4nr
L2
2 dV2 , (4)
where and are the comoving volume X-ray emissivitiese
r
e
bof the radio source population and the total X-ray back-
ground, respectively, n is the comoving number density of
radio sources, is the luminosity distance, and the integralsr
Lare performed over the comoving volumes subtended by the
solid angle u of the cell. The quantity is the spatialm(r12)cross-correlation function of radio sources with the X-ray
background in regions of space separated by a proper dis-
tance i.e.,r12,
Sn(r1)eb(r2)T \ [1] m(r12)]SnTSebT . (5)
Thus whereg0\ gP] gc
gP \
P e
r
4nr
L
2 dV (6)
and
g
c
\
PP
n(r1)
e
b
(r2)
4nr
L2
2 m(r12)dV1 dV2. (7)
The Ðrst term, arises from Poisson Ñuctuations due togP,the X-ray emission of the individual radio sources and is
equal to the X-ray Ñux from these sources, i.e.,
gP\ uI1 r , (8)
where is the mean X-ray intensity of the radio sources.I1
rThe second term, is due to the joint clustering of radiog
c
,
sources with the sources of the X-ray background (including
the radio sources).
The spatial autocorrelation function (ACF) of nearby gal-
axies is well approximated by a power law. We take this
form for the spatial cross-correlation function and assume
the standard power-law evolution (Peebles 1980)
m(r, z) \ (1] z)~(3`v)
A r
r0
B~c
, (9)
where r is the proper (noncomoving) distance between the
sources, is the comoving correlation length, and v is ar0clustering evolution parameter. For ““ stable ÏÏ clustering
v\ 0 while v\ c[ 1 for linearly growing perturbations in
an EinsteinÈde Sitter universe & Lahav(Treyer 1996).
Because the correlation scale length is small, i.e., D10r0Mpc, sources at signiÐcantly di†erent redshifts are uncor-
related. In this case the integrals in can beequation (7)
simpliÐed to a single integral over redshift & Lahav(Treyer
1996),
g
c
\ Kc Hc r0c
P n(z)e
b
(z)
4nr
L
(z)2 (1 ] z)~(3`v)`crc(z)5~cF(z)drc(z) ,
(10)
where is the angle betweenKc \ / d)1 / d)2 h121~c ; h12 h1and is the comovingh2 ; Hc\ !(12)![(c [ 1)/2]/!(c/2) ; rcradial coordinate ; and This expressionF(z)r
c
2 dr
c
d)4 dV .
can be further simpliÐed by noting that r
L
(z) \ (1 ] z)r
c
(z)
and where N(z)dz is then(z)dV /d)\ n(z)F(z)r
c
2 dr
c
\N(z)dz
surface density of radio galaxies at redshift z. Following
& Lahav we assume a power-law evolution ofTreyer (1996)
the observed XRB volume emissivity, i.e., e
b
(z) \ e
b,0(1 ] z)q.Note that q includes the ““K-correction ÏÏ exponent, 1] a,
where a is the energy spectral index. Then the expression for
becomesg
c
g
c
\ KcHc r0c eb,0
4n
P
N(z)(1] z)c`q~5~vr
c
(z)1~cdz . (11)
Equations and give the value of the cross-correlation(8) (11)
at zero separation for an X-ray map with a delta function
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PSF. It is straightforward to show that for a Ðnite PSF and
for arbitrary separation angle, h, becomesgP
gP(h) \ B(h)I1 r , (12)
where
B(h) \
P
radio
P(h [ h@)d)@ , (13)
P(h@) is the normalized PSF, i.e., / P(h@)d)@\ 1, the integra-
tion is over the radio cell, and h is the location of the X-ray
cell relative to the radio cell. The expression for isg
c
(h)
again if is substituted withequation (11) Kc
Kc(h) \
P
S
d)1P(h1)
P
radio
d)2 h121~c , (14)
where indicates an integral over all space. These two/
Sexpressions are equivalent to those derived by etRefregier
al. recalling that the e†ective PSF used here is the(1997)
actual PSF averaged over an X-ray cell. It should be noted
that, due to the Ðnite PSF, the Poisson term contributes to
the CCF for h [ 0. Of course, this is why it is problematic to
distinguish real clustering from Poisson Ñuctuations.
As an illustration, Figures and show a Ðt of B(h) to the1 2
GB6-PMN/X-ray CCF and a Ðt of to the FIRST/X-Kc(h)ray CCF. We have chosen c\ 2.0 to evaluate which isKc,consistent with the autocorrelation function of FIRST
sources found by et al. and similar to the valueCress (1996)
(c\ 1.8) for local bright galaxies Weighted(Peebles 1980).
least-squares Ðts to the Ðrst four data points were per-
formed following a similarity transformation to diagonalize
the noise matrix. As long as the Ðrst three points are
included, the results are rather insensitive to the number of
points included. Because of the pixelization of the data,
theoretical functions and B(h) are evaluated at onlyKc(h)those angles appropriate for the data. For aesthetic reasons,
these points are connected by straight lines in the Ðgures.
Both of the curves look reasonable for h \ 5¡. For h [ 5¡,
the data of fall consistently below the theoreticalFigure 2
curve. This is not unexpected since 5¡ corresponds to rather
large distances at even modest redshifts, e.g., at z\ 0.2 an
angle of 5¡ corresponds to 44 h~1 Mpc for an EinsteinÈde
Sitter universe. On the other hand, the observed galaxy
ACF displays a break below the power law at lengths Z30
h~1 Mpc This behavior is consistent with(Peebles 1993).
the evolution of very large-scale structure in a standard
CDM universe (see, e.g., As an indica-Padmanabhan 1993).
tion of the magnitude of this e†ect we have constructed a
theoretical CCF from with the power-lawequation (7) m(r12)cuto† above h~1 Mpc. is a Ðt of thisr12 \ 30 Figure 4proÐle to the FIRST/X-ray CCF. The discrepancy at large
angles is no longer egregious while the amplitude of the Ðt is
nearly the same as in We make no claim that thisFigure 2.
model has any particular signiÐcance but o†er it as an indi-
cation of the magnitude of the e†ect.
The formal for the two Ðts in Figures and are 0.2sl2 1 2and 1.7, respectively for 3 degrees of freedom. On the other
hand, Ðts of to the GB6-PMN/X-ray CCF and of B(h)Kc(h)to the FIRST/X-ray CCF give and 7.3. Fitting thesl2\ 6.2B(h) and proÐles simultaneously to the two CCFsKc(h)doesnÏt improve and, in fact, is consistent with no B(h)sl2contribution to the FIRST data and no contributionKc(h)to the GB6-PMN data. These results suggest that the
GB6-PMN CCF is Poisson dominated while the FIRST
FIG. 4.ÈCross-correlation function of di†use 2È10 keV X-rays with the
1.4 GHz FIRST radio survey. The data is the same as in The curve isFig. 2.
the Ðt to the proÐle expected for c\ 2 spatial clustering cut o† at a physi-
cal distance of 30 h~1 Mpc. See ° 4.
CCF is clustering dominated. The conclusions are not
overly sensitive to c. If c is chosen to be that found for the
ACF of nearby galaxies i.e., c\ 1.8, the Ðt of(Peebles 1980),
to the FIRST CCF is somewhat worse whileKc (sl2\ 2.3)the proÐle is even more inconsistent with theKc (sl2\ 9.4)GB6-PMN CCF. These matters will be discussed further
in ° 5.
In order to compare the amplitudes of the predicted g0(h)to the observed W (h)Ïs, a number of parameters must be
speciÐed : c, q, v, and the redshift at whiche
b,0, r0, zcutoff,X-ray sources ““ turn on ÏÏ and thus the upper limit to the
integral in The functions and F(z) requireequation (11). r
c
(z)
an assumption about the large-scale geometry of the uni-
verse, and the distribution of radio sources N(z) depends on
the evolving luminosity function of radio sources, as well as
on the geometry of the universe.
In the analysis that follows N(z) is computed from the
fundamental ““ free-form model ÏÏ of the radio luminosity
function of & Peacock with low Ñux cuto†sDunlop (1990)
appropriate to the two surveys. Figures and are the5 6
N(z)Ïs computed from this model for the GB6-PMN and
FIRST surveys. For the 1.1 mJy peak Ñux cut in the FIRST
FIG. 5.ÈThe redshift distribution of 50 mJy Ñux-limited 5 GHz radio
number counts predicted by the luminosity function model (model 1
MEAN-z) of & PeacockDunlop (1990).
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FIG. 6.ÈThe redshift distribution of 1.5 mJy Ñux-limited 1.4 GHz radio
number counts predicted by the luminosity function model (model 1
MEAN-z) of & PeacockDunlop (1990).
survey, the e†ective completeness Ñux is about 1.5 mJy
White & Helfand et al. We have(Becker, 1995 ; White 1997).
repeated the analyses using the evolving luminosity and
number density model of & Peacock and,Dunlop (1990)
although the N(z)Ïs are somewhat di†erent, the di†erences
in the correlation analyses are small. Because N(z) falls o†
at large redshift, the computed values of are rather insen-g
csitive to however, this parameter is important in con-zcutoff ;straining X-ray emissivity.
The emissivity of the X-ray background must satisfye
b,0the constraint that the integrated intensity equal that
observed for the 2È10 keV background, i.e., B5.3] 10~8
ergs s~1 cm~2 sr~1 et al.(Marshall 1980 ; Gruber 1992 ;
et al. For a given evolution parameter qGendreau 1995).
and cosmological model, is uniquely determined. Ine
b,0principle, q could be determined uniquely from the
observed local X-ray emissivity ; however, uncertainty in
this value, as well as uncertainty in results in con-zcutoff,siderable uncertainty in q. In addition, it is quite likely that
a simple power-law evolution is not the best description of
X-ray emissivity. If one arbitrarily sets then, forzcutoff \ 4,an EinsteinÈde Sitter universe, the local X-ray emissivities
implied for q \ 2, 3, 4 are 18.8, 8.4, and 3.0] 1038 h ergs
s~1 Mpc~3 where km s~1 Mpc~1. The locallyh \ H0/100measured value is 8.6^ 2.4] 1038 h ergs s~1 Mpc~3 for
AGN alone with an upper limit of 4] 1038 h ergs s~1
Mpc~3 for the contribution of weaker sources (e.g., star-
forming galaxies, LINERs ; et al. It appearsMiyaji 1994).
that for power-law evolution models, q is constrained to fall
between 2 and 4. As a somewhat more sophisticated model
of evolution we consider the uniÐed AGN model of
et al. that reproduces both the amplitudeComastri (1995)
and spectrum of the XRB. is a plot of the redshiftFigure 7
distribution of the X-ray intensity, F(z) 4 dI/dz, from the
et al. model with the Ñux cut 3 ] 10~11Comastri (1995)
ergs s~1 cm~2 appropriate for the present X-ray map
et al. Expressed in terms of F,(Boughn 1998). equation (11)
must be modiÐed slightly,
g
c
\ KcHc r0c
P F(z)N(z)
F(z)dr
c
/dz
(1 ] z)c~3~vr
c
(z)1~c dz . (15)
FIG. 7.ÈRedshift distribution of the 2È10 keV X-ray background,
dI/dz, from the uniÐed AGN model of et al. Sources withComastri (1995).
Ñuxes exceeding 3] 10~11 ergs s~1 cm~1 have been cut.
For the special case of an EinsteinÈde Sitter universe
this equation becomes()0\ 1)
g
c
\ Kc(h)Hc r0c
2c~1(c/H0)c
P
F(z)N(z)(1] z)c~3@2~vr
c
(z)
] [1 ] (1] z)~1@2]1~c dz , (16)
where is HubbleÏs constant and c is the speed of light.H0The computed using this model is intermediateg
cbetween those of the q \ 3 and q \ 4 power-law models.
We note that the redshift distribution of the X-ray 2È10 keV
intensity for the et al. model is relativelyComastri (1995)
Ñat and that a q \ 3.5 power-law evolution gives a Ñat
redshift distribution. In the analysis that follows, we will use
the et al. model for the evolving X-rayComastri (1995)
emissivity as our ““ best guess ÏÏ but will compare the results
of this model to those of q \ 2, 3, 4 power-law models.
Because of the large angular resolution (3¡) of the HEAO
map, most of the contribution to the CCF arises from
nearly linearly evolving structures. At z\ 0.2, 1¡ corre-
sponds to 9 h~1 Mpc, which is comparable to the transition
from the linear to nonlinear regime in the local universe. In
the best-guess model below, roughly 50% of the contribu-
tion to the CCF comes from redshifts below z\ 0.2 where
evolution is modest and 50% comes from redshifts z[ 0.2
where 1¡ is in the linear regime. For this reason we assume
for our best-guess model that structure is growing linearly
in an EinsteinÈde Sitter universe, i.e., v\ c[ 1. However,
the change in the results if the clustering is stable, i.e., v\ 0
and for open and ““" ÏÏ universes will be discussed.
Finally one must take into account the Ñux limit
(3 ] 10~11 ergs s~1 cm~2) on X-ray sources. There is no
well-deÐned procedure to do this for the power-law models
of emissivity evolution since individual source luminosities
are not speciÐed. However, the Ñux cut can be directly
applied to the et al. model, and we haveComastri (1995)
done so. The net result is to roll o† the X-ray Ñux at
z\ 0.05. To the extent that faint (non-AGN) X-ray sources
contribute signiÐcantly to the X-ray background, this
results in an underestimate of g
c
.
We take the lower limit of the integral to be z\ 0.01g
c(30 h~1 Mpc). This has the e†ect of a Ñux cut for the power-
law models, but in any case it has little e†ect on the integral.
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FIG. 8.ÈPredicted cross-correlation amplitude, as a function ofg
c
(0),
correlation scale length, using the best-guess model discussed in ther0,text. The upper solid curve is that predicted for the FIRST/X-ray CCF and
the lower solid curve for the GB6-PMN/X-ray CCF. The upper dashed
line corresponds to the amplitude Ðtted to the FIRST/X-ray data and the
lower dashed line to the amplitude Ðtted to the GB6-PMN/X-ray data.
Note that the dashed lines should be considered upper limits since Poisson
Ñuctuations have not been corrected for. See °° and4 5.
is a plot of the computed as a function ofFigure 8 g
c
(0)
the correlation scale length for parameters of both ther0GB6-PMN and FIRST data sets. Although the predicted
number densities, N(z), of the & PeacockDunlop (1990)
model are within 15% of the observed values (1.50 deg~2 for
GB6-PMN and 57.3 deg~2 for FIRST), the models were
renormalized to agree with the observed values. All other
parameters were taken from the best-guess model, i.e.,
c\ 2.0, v\ 1, EinsteinÈde Sitter universe, et al.Comastri
X-ray emissivity model (roughly equivalent to(1995)
q \ 3.5). The horizontal lines in are the amplitudesFigure 8
of the observed CCFs derived from Ðtting the W (h)Ïs of ° 3
to the functional form of The formal errors in theseKc(h).Ðts are on the order of 20%; however, recall that in the case
of GB6-PMN the s2 of the Ðt was not good. The implica-
tions are discussed in ° 5.
The uncertainties in the model curves were not indicated
in because they are not well known. However weFigure 8
now discuss how varying parameters quantitatively changes
the curves. In all cases, except for varying c, the curves are
simply displaced vertically. If one substitutes the power-law
evolution model for the et al. model for theComastri (1995)
XRB the values for are changed by factors of 2.5, 1.4, andg
c0.7 for q \ 2, 3, and 4, respectively. Although we have
argued that linear clustering growth is appropriate for the
current analysis, for stable clustering evolution, i.e., v\ 0, g
cis larger by a factor of D1.5. In the extreme case, non-
evolving clustering in the comoving frame, i.e., v\ [1, isg
cincreased by a factor of D2.6.
A change in the value of c in our best-guess model
changes the slope, as well as the amplitude of the model
curves in If c\ 1.8, the value observed for nearbyFigure 8.
galaxies the value of for h~1(Peebles 1980), g
c
(0) r0\ 5Mpc is a factor of D1.3 larger than in Because ofFigure 8.
the di†erent scale length dependence, there is an abover0which the modiÐed will be less than the best-guessg
c
(0)
value. This value is 16 h~1 Mpc. If in addition one includes
stable clustering, the multiplicative factor is D1.8 and the
corresponding crossover is 100 h~1 Mpc.r0
To assess the dependence of on the radio luminosityg
cfunction we have recomputed for the density/luminosityg
cevolution model of & Peacock This and theDunlop (1990).
previous free-form model represent the spread in the models
considered by & Peacock The dependence isDunlop (1990).
not large. For the GB6-PMN parameters decreases by ag
cfactor 0.92 while for the FIRST parameters increases by ag
cfactor of 1.1. Both of these radio luminosity functions
predict a large number of low-luminosity (¹1030 ergs s~1
Hz~1) radio sources and the value of contains a non-g
cneglible contribution from these sources. The contribution
to from radio sources with luminositiesg
c
lL l ¹ 3 ] 1039ergs s~1 is 6% for the GB6-PMN data and 30% for the
FIRST data. The possible signiÐcance of this rather large
contribution will be discussed in ° 5.
Finally, we investigated the dependence of the analyses
on the large-scale geometry of the universe. For open
("\ 0) universes, the value of increases somewhat, ag
cfactor of D1.3 for an universe and a factor of D1.1)0\ 0.1for an universe. For Ñat, lambda universes, the)0\ 0.3factors are D0.83 for the universe and D0.85 for)0\ 0.1the universe.)0\ 0.3
5. DISCUSSION
We begin by considering the Ðts of our best-guess model
to the two data sets as indicated in Figures and For the1 2.
FIRST data this implies that W (0)\ g
c
(0)/SNTSIT \ 4.9
^ 0.9] 10~4 or ergs s~1 cm~2g
c
(0)\ 2.4^ 0.4] 10~9
sr~1 where W (0) is the Ðtted amplitude of the angular CCF.
This value is indicated by a horizontal line in andFigure 8
implies a cross-correlation scale length of 5.7^ 0.5 h~1r0Mpc where the error is the statistical error of the Ðt. It was
found in that varying the model parameters from the° 4
best-guess values most often results in an increase in the
predicted value of and, therefore, a decrease in theg
c
(0)
value of inferred from the observed CCF. For power-lawr0models of the evolution of the X-ray emissivity, only for
q º 3.5 does the predicted value of exceed the valuer0implied by the best-guess model, and such models imply a
local X-ray emissivity below that observed. Therefore, we
consider that, with two caveats, 5.7 ^ 0.5 h~1 Mpc is an
upper limit to the cross-correlation scale length. The Ðrst
caveat is that the & Peacock radio lumi-Dunlop (1990)
nosity function does not seriously overestimate the number
of low-luminosity sources. If it does then the predicted g
cwill decrease and the implied scale length increase accord-
ingly. The other caveat is that the universe has a vanishing
cosmological constant. In a Ñat, low universe the implied)0is increased by about 10%.r0 If the Poisson term, makes a signiÐcant contributiongP,to the FIRST/X-ray CCF, then the implied value of isg
csmaller, which in turn lowers the estimate of Supposer0.that half the amplitude of the observed W (0) is due to
Poisson Ñuctuations. Correcting for these Ñuctuations and
Ðtting the clustering term to the residuals implies a clus-
tering amplitude of ergs s~1 cm~2g
c
(0)\ 1.9^ 0.4] 10~9
sr~1 and a correlation scale length of 5.0 ^ 0.5 h~1 Mpc. It
seems unlikely that the Poisson contribution could be more
than this and still be consistent with the observed W (h).
The Ðtted amplitude of to the GB6-PMN datag
c
(h)
implies h~1 Mpc; however, as pointed out inr0\ 10 ^ 2the W (h) proÐle of this data indicates that Poisson° 4,
Ñuctuations dominate and therefore this value is clearly an
overestimate. Assuming that the observed CCF is entirely
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due to Possion Ñuctuations, the Ðtted amplitude of the
angular CCF is (see W (0)\ 1.7^ 0.3] 10~3. FromFig. 1)
equation (12)
W (0)\ gP(0)
SNTSIT
\ B(0)I1 r
SNTSIT
, (17)
where SIT is the mean intensity of the X-ray background
and is the mean X-ray intensity of the radio sources in theI1
rsurvey. Therefore, the fraction of the XRB that is accounted
for by the survey radio sources is given by
I1
r
SIT
\ W (0)SNT
B(0)
. (18)
Substituting the inferred value of W (0) in this expression
implies that 2.7% of the XRB is due to GB6-PMN radio
sources. This is, of course, an overestimate because clus-
tering has not been taken into account. A better estimate is
got by assuming the GB6-PMN/X-ray data has the same
normalized clustering as that of the FIRST/X-ray data, i.e.,
W (0)\ 4.9] 10~4. Subtracting this from the GB6-PMN/
X-ray CCF and Ðtting the residuals to gives a PoissongPamplitude of which implies 2.1% of theWP(0)\ 1.3] 10~3,XRB is due to GB6-PMN radio sources. It seems unlikely
that the fraction of radio source contribution to the X-ray
background could be much less than 2% without requiring
a much larger clustering contribution than is allowed by the
observed W (h) proÐle.
The proÐle of the FIRST/X-ray CCF is consistent with
no Poisson Ñuctuations. However, if we assume that half the
amplitude W (0) of the observed CCF is due to Poisson
Ñuctuations then the implied contribution of the FIRST
sources to the XRB is D20%. We consider this to be an
upper limit.
& Lahav suggested that cross-correlationTreyer (1996)
analyses of the type above might enable one to map the
X-ray volume emissivity as a function of redshift. Unfor-
tunately, the current result is not very useful in this regard.
Although the mean redshift of the two radio surveys is quite
large, zD 1, the primary contributions to the CCF comes
from lower redshifts, i.e., D50% from z\ 0.2. The result is
that the CCF analysis is not very sensitive to the evolution
of emissivity. For example, the for a model with non-g
cevolving emissivity, h ergs s~1 Mpc~3, ise
b
\ 9.6] 1038
the same as the for our best-guess model. Although suchg
ca model is wildly inconsistent with the level of the XRB, it is
quite consistent with both the observed CCF and local
X-ray emissivity et al.(Miyaji 1994).
Thus far only upper limits on the clustering of the hard
X-ray background have appeared in the literature. We are
left with the question of how to interpret the cross-
correlation reported in this paper. If one assumes ““ linear
biasing ÏÏ then
do
o
\ dnr
b
r
n
r
\ dex
b
x
e
x
, (19)
where o is mass density, is radio source density, isn
r
e
xX-ray volume emissivity, d indicates rms Ñuctuations in
these quantities, and and are the radio and X-ray biasb
r
b
xfactors. To the extent that the bias factors are independent
of scale, the spatial ACFs of the quantities are related by
m
m
(r) \ m
r
(r)/b
r
2\ m
x
(r)/b
x
2 . (20)
If then and Then them(r) P (r/r0)~c, r0, r P br2@c r0,x P bx2@c.cross-correlation function satisÐes
m
rx
\ Sdnr dexT
n
r
e
x
P b
r
b
x
P (r0,r r0,x)c@2 . (21)
Assuming that the cross-correlation scalem
rx
P (r/r0,xr)~c,length, is equal to the geometric mean of the two auto-r0,xrcorrelation scale lengths, i.e.,
r0,xr\ (r0,r r0,x)1@2 . (22)
While it is likely that both of these assumptions, i.e., scale-
independent bias and a power-law correlation function, are
violated to some extent, it seems reasonable that equation
is a valid approximation. It should be pointed out that(22)
is a local relation, i.e., it presumably holds atequation (22)
each redshift. Applying it to a cross-correlation analysis
involving sources with a distribution of redshifts is prob-
lematic only if the evolution of the luminosity and corre-
lation functions is not properly modeled. The uncertainties
due to these model parameters was discussed above.
The expression for the unnormalized ACFs for X-ray Ñux
and radio source counts is with F(z)N(z)equation (16)
replaced by either F(z)2 for the X-ray ACF or N(z)2 for the
radio ACF. If the PSF is a delta function and the cell size is
small, the expression for becomesKc(h) Kc(h) \ h1~cu2& Lahav where u is the solid angle of a cell.(Treyer 1996)
Then
gACF\ Hc r0c h1~cu2
P
f (z)2(1 ] z)c~3@2~v
] [1[ (1 ] z)~1@2]1~c dz , (23)
where f (z) is either N(z) or F(z). To obtain the normalized
ACFs one must divide by either SNT2 or SIT2 where SNT
or SIT \ u / f (z) dz. Thus
WACF(h) \ Hc r0c h1~c
]
/ f (z)2(1 ] z)c~3@2~v[1[ (1 ] z)~1@2]1~c dz
[/ f (z)dz]2 . (24)
The strongest limit on the 2È10 keV ACF is from Carrera
et al. where the 2 p limit at h \ 2¡ is(1993) W
x
(2¡) \ 5
] 10~4. Substituting this value into andequation (24)
using our best-guess model for the XRB, we Ðnd that r0,x\7 h~1 Mpc. et al. have recently measured theCress (1996)
radio ACF for the initial FIRST data release (about half the
number of sources used in this paper). From their Figure 1
we Ðnd that Again substituting thisW
r
(2¡) D 2 ] 10~3.
value and the best-guess model parameters into equation
we Ðnd that h~1 Mpc. This value agrees with(24) r0,r D 10their preliminary reported value et al. Substi-(Cress 1996).
tuting these values of and into impliesr0,x r0,r equation (22)a constraint on the cross-correlation length of h~1r0,xr[ 8Mpc, which is consistent with our observed value of [ 6
h~1 Mpc. On the other hand, substituting h~1r0,rB 10Mpc and h~1 Mpc into yieldsr0,xr [ 6 equation (22) r0,x [h~1 Mpc, which is smaller than the correlation length of4
galaxies. This is somewhat bothersome and may imply that
either we have underestimated the cross-correlation length
scale or that h~1 Mpc is an overestimate. Ther0,r B 10latter will undoubtedly be clariÐed as more of the FIRST
survey is completed.
Finally, we pointed out in that the estimate of° 4 r0,xrwould be increased if low-luminosity radio sources are sig-
niÐcantly overestimated by the & PeacockDunlop (1990)
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models. However, the implied constraint on is relativelyr0,xinsensitive to the luminosity function. For example, if we
artiÐcially cut o† the radio luminosity function at lL l\1040 ergs s~1 the inferred limit of increases to h~1r0,xr [ 8Mpc while becomes 15 h~1 Mpc. Thenr0,r equation (22)still implies that h~1 Mpc.r0,x[ 4
6. CONCLUSIONS
The 2È10 keV X-ray background (at 3¡ angular
resolution) is signiÐcantly correlated with both 1.4 GHz
FIRST radio source counts and 5 GHz GB6 and Parkes-
MIT-NRAO radio source counts. The amplitude of the
cross-correlation functions for these two data sets is
for the FIRST/X-ray CCF andW
xr
(0)\ 4.9^ 0.9] 10~4
for the GB6-PMN/X-ray CCF.W
xr
(0)\ 1.7^ 0.3] 10~3
Interpreted in terms of a best-guess model linear()0 \ 1,growth of perturbations, & Peacock radioDunlop 1990
luminosity function, and a uniÐed AGN model of the XRB),
the FIRST/X-ray CCF implies a comoving correlation
length of h~1 Mpc (statistical error only).r0,xr \ 5.7 ^ 0.5The dependence of this value on model parameters indi-
cates that a reasonable upper limit to the correlation length
is h~1 Mpc. If the FIRST ACF correlation lengthr0,xr[ 6is h~1 Mpc as has been reported, then the impliedr0,r B 10XRB ACF correlation length is h~1 Mpc, which isr0,x [ 4
somewhat smaller than the galaxy-galaxy correlation
length, 5 h~1 Mpc. We note in passing that if h~1r0,r D 7Mpc then the implied X-ray correlation length is r0,x D 5h~1 Mpc, and we suggest that future radio observations
may reveal the smaller ACF implied by this value (a FIRST
Collaboration paper recently placed on the Web indicates
that this is the case ; et al. In any case, a lowCress 1998).
value of the X-ray correlation length, h~1 Mpc, is con-[5
sistent with the hypothesis that a signiÐcant fraction of the
XRB is due to objects that are less strongly clustered than
luminous AGNs, i.e., QSOs.
The GB6-PMN/X-ray CCF is dominated by Poisson
noise and can be used to infer that D2% of the 2È10 keV
background is due to 5 GHz radio sources with Ñuxes in
excess of 50 mJy.
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